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DESCRIPTION OF AN ANALYTIC METHOD FOR THE DETERMINATION OF 

SPACECRAFT WINDOW-INDUCED NAVIGATION SIGHTING ERRORS 

ABSTRACT 

iuavigation measurements made through a spacec ra f t  window with afi 
The primary o p t i c a l  instrument are sub jec t  t o  window-induced e r r o r s .  

sources of t h e s e  errors  a r e  nonf la t  window su r faces ,  nonpara l le l  window 
surfaces, and window sur faces  deformed due t o  pressure  loading. Another 
source of measurement e r r o r  i s  the  index o f  r e f r a c t i o n  d i f f e rence  between 
t h e  a i r  i n s i d e  t h e  spacecraf t  and t h e  space vacuum outs ide .  An a n a l y t i c  
method f o r  t he  determination of t hese  window-induced e r r o r s  has been 
developed. Given the  spacecraf t  and window conf igura t ion :  (1) Window 
su r face  pressure  deformations are  determined e i t h e r  a n a l y t i c a l l y  o r  
experimentally;  (2) Window sur face  anomalies of manufacture are obtained 
experimentally;  (3)  Pressure deformations and anomalies of manufacture 
a r e  used t o  ob ta in  a math model of  t h e  window su r face  shapes; and (4) 
Light rays are t r aced  through the window t o  determine t h e  e r r o r s .  The 
method has been appl ied t o  t h e  analysis  of e r r o r s  a s soc ia t ed  with a 
Gemini window and t h e  r e s u l t s  compared with experimental  da ta .  The 
r e s u l t s  agree q u i t e  well i nd ica t ing  t h e  a n a l y t i c  method does permit 
accura te  p red ic t ion  of window-induced navigat ion measurement e r r o r s .  
The method appears t o  be  appl icable  t o  t h e  ana lys i s  of  e r r o r s  
a s soc ia t ed  with o the r  spacecraf t  o r  a i rcraf t  windows. 

INTRODUCTION 

On-board navigat ion systems f o r  manned in t e rp l ane ta ry  o r  t r ans luna r  
f l i g h t  may r e l y  on navigat ion measurements made with an o p t i c a l  i n s t r u -  
ment through a spacecraf t  window. For example, t h e  hand-held space 
sex tan t  has been proposed f o r  use i n  a back-up navigat ion system f o r  
t h e  midcourse, Ea r th -o rb i t a l ,  and o r b i t  rendezvous phases of  manned 
in t e rp l ane ta ry  o r  t r ans luna r  f l i g h t .  The navigat ion measurement of 
interest here  i s  t h e  angle between two ce les t ia l  bodies  such as a s tar  
and a p lane t  f o r  t h e  midcourse phase shown i n  Figure 1, and between a 
s t a r  and t h e  t a r g e t  spacecraf t  i n  t h e  rendezvous. These angular  mea- 
surements must necessa r i ly  be  accurate  t o  wi th in  a few seconds of arc 
t o  insure  mission success .  
a spacecraf t  window a r e  subjec t  t o  e r r o r s  because deviat ions i n  t h e  l i n e  
of s i g h t  are induced by t h e  window. 

However, navigat ion measurements made through 

The effect  o f  t hese  navigat ion e r r o r s  on a p a r t i c u l a r  space mission 
is i l l u s t r a t e d  i n  Figure 2 .  The a r r i v a l  e r r o r  i n  per igee  a l t i t u d e  i s  
shown as a funct ion of random navigation s i g h t i n g  e r r o r  f o r  a vehic le  
r e tu rn ing  from an in te rp lane tary  Mars mission with Venus swingby. 
ga t ion  measurements a r e  made with a sex tan t .  

Navi- 
Data are presented f o r  
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s ight ings  cor rec ted  f o r  window-induced e r r o r s  ( ind ica ted  by t h e  lower 
boundary of t he  shaded area)  and f o r  s igh t ings  uncorrected f o r  window- 
induced e r r o r s  ( ind ica ted  by t h e  shaded a r e a ) .  The upper boundary of 
t he  shaded a rea  corresponds t o  a window-induced e r r o r  of 15 a rc sec  which 
can be expected f o r  a p a r t i c u l a r  window. Sight ings uncorrected f o r  the  
window-induced e r r o r  r e s u l t  i n  a l t i t u d e  e r r o r s  a t  per igee  a r r i v a l  of  up 
t o  5 km greater than those f o r  s igh t ings  cor rec ted  f o r  window-induced 
e r r o r s .  
t h e  p robab i l i t y  of a r r i v i n g  i n  a s a f e  en t ry  co r r ido r ,  and thereby reduces 
t h e  p robab i l i t y  of  mission success.  
reaching a safe ent ry  co r r ido r  with a random s i g h t i n g  e r r o r  of 20 arcsec  
i s  reduced by about 16 percent  i f  t h e  s igh t ings  a r e  not cor rec ted  f o r  a 
15 a rcsec  window e r r o r .  
induced e r ro r s  t o  within a few seconds of a r c  and t o  compensate f o r  
them when making navigat ion s ight ings  . 
deviat ions could be determined experimentally.  In  f a c t ,  deviat ions 
assoc ia ted  with a p a r t i c u l a r  window have been measured experimentally 
a t  Ames f o r  a l imi ted  number of conditions (Ref. 1 ) .  However, an exper- 
imental  study t o  obtain accurate  d e t a i l e d  mapping of l i ne -o f - s igh t  
deviat ions assoc ia ted  with any given window would be a huge t a s k .  
Furthermore, a generalized experimental study of t h e  l ine-of - s igh t  
deviat ions assoc ia ted  with spacecraf t  windows of various s i z e s  and 
shapes would be even more cos t ly .  

Thus, t he  window-induced s i g h t i n g  e r r o r  s i g n i f i c a n t l y  reduces 

For example, t h e  p robab i l i t y  of 

I t  i s  imperative then t o  know these  window- 

Window-induced l i ne -o f - s igh t  

An a l t e r n a t e  approach i n i t i a t e d  by Ames was a t h e o r e t i c a l  study of 
spacecraf t  window-induced l ine-of -s ight  devia t ions .  The goal of t h e  
s tudy was t o  develop an ana ly t i c  method tha t  would permit deviat ions 
assoc ia ted  with any type of spacecraf t  window t o  b e  pred ic ted  accura te ly  
t o  within a few seconds of a r c .  
(1) discuss  the  sources of window-induced l ine-of -s ight  devia t ions ,  
(2) descr ibe an ana ly t i c  method f o r  computing these  devia t ions ,  (3)  
apply the  method t o  the  analysis  of l ine-of -s ight  deviat ions assoc ia ted  
with a p a r t i c u l a r  spacecraf t  window, as an example, and (4) i l l u s t r a t e  
t h e  accuracy of the  ana ly t i c  method by comparison with experimental 
da t a .  

The object ives  of t h i s  paper a r e  t o :  

SOURCES OF LINE-OF-SIGHT DEVIATIONS 

The deviat ion of a l i n e  of s i g h t  i s  i l l u s t r a t e d  i n  Figure 3 by 
examining S n e l l ' s  Law o r  t h e  Law of Refraction. In  words, S n e l l ' s  Law 
s t a t e s  t h a t  t h e  index of r e f r ac t ion  of medium 1 times t h e  s i n e  of 
t he  angle which the  ray makes with t h e  normal t o  t h e  i n t e r f a c e  
between two mediums i s  equal t o  the  index of r e f r a c t i o n  of medium 
2 times the  s i n e  of the  angle 82 which t h e  ray makes with t h e  normal 
t o  the  i n t e r f a c e  i n  medium 2 .  In equation form, n1 s i n  81 = n2 s i n  8 2 .  
I f  n l  and n2 are d i f f e r e n t ,  the l i g h t  ray w i l l  r e f r a c t  s ince  
81  and e2 must be d i f f e r e n t  t o  s a t i s f y  S n e l l ' s  Law as shown i n  t h e  
lef t -hand sketch of Figure 3 .  
t h e  case of a spacec ra f t ,  f o r  example, is  t h e  index of r e f r a c t i o n  d i f f e r -  
ence between the  a i r  i n s ide  the  spacecraf t  and the  space vacuum outs ide .  
The window i s  a l so  a source of deviat ion i f  t h e  ray i n t e r s e c t s  t h e  window 
faces  a t  poin ts  where the  normals t o  the  faces  a r e  d i f f e r e n t  as shown 
i n  the  right-hand sketch of Figure 3 .  Here even i f  nl and n2 a r e  equal,  

n l  
81 

n2 

The source of t h i s  type of devia t ion  i n  



and 82 a r e  s t i l l  not equal because t h e  normals a r e  d i f f e r e n t .  The 
primary sources of t h i s  type of devia t ion  a r e  nonf la t  window sur faces ,  
nonpara l le l  window sur faces ,  and window surfaces  deformed by a pressure  
d i f f e r e n t i a l  across  the  windowpane. 

DESCRIPTION OF ANALYTIC METHOD 

Line-of-sight deviat ions are determined a n a l y t i c a l l y  by t r a c i n g  
t h e  l i n e  of s i g h t  through t h e  window and comparing the  l i n e  of  s i g h t  
ou ts ide  the  window with t h a t  ins ide .  
necessar i ly  be very accurate  fo r  l ine-of -s ight  deviat ions t o  be  pre-  
d i c t ed  t o  within seconds of a r c .  
window sur face  shapes i s  required for t h e  ray t r a c e  ana lys i s .  
window sur face  shapes a r e  determined from accurate  knowledge of window 
sur face  anomalies which a r e  a r e s u l t  of t he  manufacturing process and 
window sur face  deformations r e s u l t i n g  from pressure  d i f f e r e n t i a l s  across 
the  window. Surface anomalies from t h e  manufacturing process a r e  de t e r -  
mined experimentally,  whereas the pressure  deformations a r e  determined 
e i t h e r  a n a l y t i c a l l y  o r  experimentally. 
p red ic t ing  window-induced l ine-of -s ight  deviat ions requi res  an accurate  
ray t r a c e  program and p rec i se  knowledge of window su r face  shapes.  
method developed f o r  determining l i ne -o f - s igh t  deviat ions induced by 
spacecraf t  windows is i l l u s t r a t e d  by t h e  flow diagram i n  Figure 4 .  
most important s t e p ,  t h e  math modeling, requi res  accura te  measurements 
of t h e  window sur face  anomalies and a knowledge of t he  window su r face  
deformations under pressure .  The spacecraf t  i n t e r n a l  and ex te rna l  pres-  
s u r e  and temperature cause s t r u c t u r a l  deformations. 
deformations assoc ia ted  w i t h  temperature d i f f e r e n t i a l s  across  the  window 
were not considered s ince  preliminary ca lcu la t ions  ind ica ted  they were 
neg l ig ib l e  i n  comparison with pressure deformations. If  t he  window edge 
condi t ions are known, a s t r u c t u r a l  ana lys i s  d i g i t a l  computer program 
(Ref. 2) is  used t o  determine pressure deformations. Required inputs  
t o  the  s t r u c t u r a l  ana lys i s  program a r e  the  pressure  d i f f e r e n t i a l  across  
t h e  window, window shape and thickness , edge conditions , and physical  
p rope r t i e s  of t he  window mater ia l .  

This ray t r a c e  ana lys i s  must 

A p rec i se  mathematical model of the  
The 

An a n a l y t i c  method f o r  accura te ly  

The 

The 

In t h i s  s tudy ,  window 

If the  window edge conditions a r e  not known, t h e  window su r face  
pressure  deformations a r e  determined by analyzing in t e r f e rence  photo- 
graphs of t he  window. 
Figure 4. 
t o  s imulate  the  ac tua l  i n - f l i g h t  pressure  environment. 
an in te r fe rometer ,  cons i s t ing  of a gas l a s e r ,  mirrors ,  and o the r  r e l a t e d  
instrumentat ion,  i s  placed on a g r a n i t e  t a b l e .  
photograph and t h e  technique used t o  determine deformations from i t  w i l l  
b e  discussed later i n  t h i s  paper. Both t h e  experimental and a n a l y t i c a l  
procedures determine window sur face  pressure  deformations a t  d i s c r e t e  
po in t s .  These deformations a r e  then input  t o  a program t h a t  provides a 
math model of t he  sur face  shapes. 
of  window sur faces  and the  angle between the  nonparal le l  sur faces  of a 
window pane, a r e  obtained from in t e r f e rence  photos of t h e  windows. 

The experimental apparatus is a l s o  shown i n  
An ac tua l  window i n  its frames i s  mounted i n  a pressure  tank 

The t e s t  equipment, 

A t yp ica l  i n t e r f e rence  

The window anomalies, t h e  nonflatness  

In  the  math modeling program t h e  deformed window su r face  i s  described 
by a funct ion approximation technique. 
program is t h e  matrix of coe f f i c i en t s  used t o  descr ibe t h e  window 
su r faces  i n  the  digital-computer ray- t race  program. 

The output of  t h e  math modeling 



The d i g i t a l  computer program traces a l i n e  of s i g h t  ( i  . e . ,  l i g h t  ray) 
through t h e  spacecraf t  window t o  determine l ine-of -s ight  devia t ions .  
Program inputs  are t h e  matrices o f  c o e f f i c i e n t s  used t o  descr ibe  t h e  
window su r faces ,  t h e  index of r e f r ac t ion  of  each medium through which 
the  l i n e  of s i g h t  passes ,  t h e  number of windowpanes, t h e  d is tances  
between t h e  panes, and t h e  thickness of panes. 

To summarize, t h e  a n a l y t i c  method f o r  determining l ine-of -s ight  
devia t ions  is  as follows: Given t h e  spacec ra f t  and window conf igura t ion ,  

(1) Window su r face  pressure deformations are determined e i t h e r  
ana 1 y t i cal l  y o r  experiment a 11 y ; 

( 2 )  Window sur face  anomalies of  manufacture are obtained 
experimentally;  

(3) Pressure deformations and anomalies of manufacture a r e  used 
t o  obta in  a math model of the window su r face  shapes; and 

(4) Light rays corresponding t o  l i n e s  of s i g h t  a r e  t r aced  through 
t h e  window t o  determine l ine-of -s ight  devia t ions .  

A t  t h i s  p o i n t ,  some of  t h e  major elements of t h e  a n a l y t i c  method 
Figure 5 shows in t e r f e rence  photo- 

The photograph a t  t h e  top  is  t y p i c a l  
w i l l  be  discussed i n  more d e t a i l .  
graphs obtained experimentally.  
of those used t o  determine window su r face  nonflatness  as a r e s u l t  of 
manufacture. (The small c i r c l e s  are not  r e l evan t  t o  the  d iscuss ion  
and should be ignored.)  The magnitude of t h e  devia t ion  from f l a t  i s  a 
func t ion  of t he  number of f r inge l i n e s  t h a t  cross  a p a r t i c u l a r  s t r a i g h t  
l i n e  drawn on t h e  in t e r f e rence  pa t t e rn .  
sur faces  of  a windowpane i s  obtained from t h e  spacing of t h e  f r inges  
r a t h e r  than t h e i r  s t r a i g h t n e s s .  
s e n t s  a Gemini window subjected t o  a pressure  load. The window su r face  
pressure  deformations a r e  determined by analyzing a f r inge  p a t t e r n  of 
t h i s  type.  
subjec ted  t o  pressure  ind ica tes  t h e  pane is  appreciably deformed. 
r i n g  near  t h e  cen te r  of t he  f r inge  p a t t e r n  corresponds t o  t h e  maximum 
deformation, and the  outer  r ings represent  contours of constant  deforma- 
t i o n  o r  e leva t ion .  This f r inge  p a t t e r n  is similar t o  a ground contour 
map where the  change i n  e leva t ion  between contours i s  11 mi l l ion ths  of  
an inch.  
as a func t ion  of pos i t i on  r e l a t i v e  t o  t h e  f r i n g e  near  t h e  cen te r .  
f r i n g e s  near  t h e  edges is  tedious because t h e  f r inges  are very c lose  
toge the r  and d i f f i c u l t  t o  discern;  thus good magnification and photo 
c o n t r a s t  are very important.  
l i k e  these  have been used successfu l ly .  

The angle  between t h e  nonpara l le l  

The bottom photograph i n  Figure 5 repre-  

The l a rge  increase  i n  t h e  number of  f r inges  when t h e  pane i s  
The 

The pressure  deformations are obtained by counting t h e  f r inges  
Counting 

Despite t hese  d i f f i c u l t i e s ,  photographs 

As previously i cd ica t ed ,  an a l t e r n a t e  method of  determining t h e  
window su r face  pressure  deformations is  a s t r u c t u r a l  ana lys i s  program 
which i s  used i f  t h e  window-edge condi t ions are known. I ts  accuracy i s  
i l l u s t r a t e d  i n  Figure 6 .  
method f o r  an e l l i p t i c  window (dashed l i n e )  are compared with deforma- 
t i o n s  computed from the  known closed-form s o l u t i o n  f o r  t h e  same window 
( s o l i d  l i n e ) .  The deformations are given as a funct ion of p o s i t i o n  on 

The pressure  deformations obtained by t h i s  



a v e r t i c a l  ax is  as ind ica ted  by the  sketch i n  t h e  figure. "he r e s u l t s  
agree t o  b e t t e r  than 8 hundred-thousandths of an inch;  t h e  s lopes  of t h e  
deformed window surfaces  a r e  pred ic ted  t o  b e t t e r  than a second of a rc .  
The s t r u c t u r a l  ana lys i s  program should provide equal ly  good p red ic t ion  
of deformations f o r  window shapes o the r  than e l l i p s e s  i f  t h e  window edge 
conditions a r e  known. 

After  t h e  window su r face  pressure deformations and anomalies of 
manufacture are obtained, they a re  described mathematically f o r  s e l e c t e d  
window areas  by t h e  math-modeling program. 
uses a technique t h a t  descr ibes  the  deformations and anomalies as a 
funct ion of de f l ec t ions  from a reference plane.  
l e a s t  squares f i t  which described t h e  de f l ec t ions  from the  reference 
plane i n  terms of a fourth-order  polynomial. 
vides an accurate  math model of t he  su r face  shapes could be used.) 
previously noted, t h e  math models obtained a r e  then input  t o  t h e  d i g i t a l  
computer ray t r a c e  program i n  t h e  form of matr ix  c o e f f i c i e n t s .  

The math-modeling program 

The funct ion used is a 

(Any technique which pro- 
As 

The ray t r a c e  program is s p e c i f i c a l l y  designed t o  t r a c e  l i g h t  rays 
corresponding t o  l i n e s  of s i g h t  through a spacecraf t  window system. 
program permits considerat ion of any type of window with no r e s t r i c t i o n  
on s i z e ,  shape, mater ia l ,  o r  number of panes. The necessary equations 
a r e  wr i t t en  i n  vec tor  matrix form f o r  mathematical convenience and ease  
i n  computation. 
which can be e a s i l y  combined t o  compute e r r o r s  f o r  a two-line-of-sight 
instrument such as  t h e  sex tan t .  
r a y  t r a c e  programs used f o r  purposes of lens  design. 
usua l ly  r equ i r e  r o t a t i o n a l l y  symmetric lens systems whereas our program 
is  designed t o  permit study of  spacecraf t  window systems t h a t  a r e  no t ,  
i n  general ,  r o t a t i o n a l l y  symmetric. 

The 

The program computes s i n g l e  l ine-of -s ight  deviat ions 

The ray t r a c e  program d i f f e r s  from o t h e r  
These programs 

APPLICATION OF METHOD TO GEMINI  WINDOW ANALYSIS 

I n  order  t o  i l l u s t r a t e  the  a b i l i t y  of t h e  ana ly t i ca l  method t o  
accura te ly  p red ic t  window-induced l ine-of -s ight  devia t ions ,  t h e  method 
w a s  used t o  compute the  deviations assoc ia ted  with a Gemini type space- 
c r a f t  window. The Gemini window was chosen because it was ava i l ab le  and 
w a s  of i n t e r e s t  t o  Ames because of t h e  Ames TO02 sextan t -s ight ing  experi-  
ment on the  Gemini X I 1  f l i g h t .  I n - f l i g h t  navigat ion measurements from 
on board the  spacecraf t  were made with a hand-held sex tan t .  The e f f e c t s  
of  t h e  Gemini window on these  measurements had t o  be  known i n  order  t o  
evaluate  t h e  r e s u l t s  of t he  experiment. "he Gemini window (Fig.  7) con- 
sists of th ree  panes of fused s i l i c a  g l a s s .  The i n n e r  two panes a r e  
0.38 inch th i ck  and the  outer  pane is 0 . 3 3  inch th i ck .  The pressure  
environment i s  5.5 p s i  i n  t h e  spacecraf t  cabin,  14.7 p s i  between t h e  
inne r  panes and t h e  middle pane, 0 p s i  between t h e  middle and ou te r  panes, 
and of course,  space vacuum outs ide t h e  spacec ra f t .  
window sur faces  were obtained from experimentally determined pressure  
deformations. Line-of-sight deviations were computed f o r  t h e  Gemini 
window f o r  l i n e s  of s i g h t  which i n t e r s e c t  t h e  window a t  severa l  po in ts  
with various incidence angles and i n  seve ra l  planes of incidence,  The 
po in t s ,  incidence angle and incidence plane,  a r e  i l l u s t r a t e d  i n  Figure 7. 
Predicted l ine-of -s ight  deviations a r e  shown by t h e  s o l i d  l i n e s  i n  Fig- 
u re  8 f o r  l i n e s  of  s i g h t  i n  a v e r t i c a l  plane of incidence perpendicular  

Math models of t he  



t o  t h e  window along t h e  v e r t i c a l  o r  y axis.  The deviat ions a r e  shown 
as a funct ion of t he  v e r t i c a l  l ine-of -s ight  pos i t i on  f o r  incidence angles 
of 15" and 30". 
a r e  pred ic ted  by t h e  a n a l y t i c  method. These a n a l y t i c a l l y  pred ic ted  l i n e -  
of -s ight  deviat ions a r e  compared with l ine-of -s ight  deviat ions measured 
experimentally which a r e  indicated by t h e  dashed l i n e s .  These da ta  were 
obtained a t  Ames i n  an experimental s tudy of t he  o p t i c a l  e f f e c t s  of t he  
Gemini window. Obviously, ana ly t i c  and experimental r e s u l t s  agree q u i t e  
we l l .  S imi la r ly ,  good agreement is  obtained f o r  o the r  incidence angles 
and f o r  l i n e s  of s i g h t  i n  d i f f e ren t  incidence planes.  

Deviations up t o  about 15 a rc sec  f o r  30" incidence angles 

CONCLUDING REMARKS 

An a n a l y t i c  method f o r  pred ic t ing  spacecraf t  window-induced l ine-of -  
s i g h t  deviat ions has been described. The method has  been applied t o  t h e  
ana lys i s  of  deviat ions associated with a Gemini spacecraf t  window. The 
a n a l y t i c  method permits accurate  p red ic t ion  of window-induced deviat ions 
as evidenced by comparison with experimental da ta .  The a n a l y t i c  method 
is bel ieved t o  be appl icable  t o  t h e  ana lys i s  of l i ne -o f - s igh t  deviat ions 
assoc ia ted  with many d i f f e r e n t  spacecraf t  o r  a i r c r a f t  windows. 
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